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ABSTRACT 

Nadai's  soap-film  sand-hill  analogy  for  torsion  of  an  elastic -plastic 
cylinder  has  been  used  for  both  experimental  and  numerical  deter - 
.mination  of  stresses  despite  the  lack  of  a  clear  understanding  of  its 
limitations.  A  proof  is  given  here  that  the  analogy  is  always  valid 
for  a  solid  bar.  It  is  shown  by  a  counter  example  that  the  analogy 
is  not  generally  valid  for  a  hollow  bar. 
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INTRODUCTION 

1 

Beginning  with  St.  Venant's  paper  in  1856  [  l]  ,  "  torsion  of 
prismatic  and  cylindrical  bars  has  been  the  subject' of  intensive  inves¬ 
tigation.  In  1903,  Prandtl  [2]  showed  that  the  problem  was  mathemat¬ 
ically  equivalent  to  the  deflection  of  a  membrane,  an  analogy  which  is 
useful  not  only  for  experimental  determination  of  the  stress  distribution 
but  also  as  a  visual  model  to  aid  intuition.  Nadai  [  3]  showed  that  for  a 
perfectly  plastic  material  a  corresponding  analogy  based  on  the  shape  of 
a  sand-hill  could  be  used  for  solid  cylinders.  The  sand-hill  analogy  was 
extended  to  hollow  cylinders  by  Sadowsky  [4]  in  1941.  Nadai  [  3]  also 
showed  that  the  torsion  of  a  solid  cylinder  of  an  elastic/perfectly-plastic 
bar  could  be  represented  by  a  combined  analogy  in  which  the  membrane 
was  inflated  under  a  restraining  roof.  In  1944  Shaw  [  5]  extended  the 
Nadai  analogy  to  hollow  cylinders  and  used  it  as  a  basis  for  a  numerical 
solution. 

As  was  first  pointed  out  by  Prager  and  Hodge  [  6]  in  1951,  the 
Nadai  analogy  and  the  elastic/ plastic  torsion  problem  are  identical  only 
if  certain  restrictions  are  imposed  on  the  shape  of  the  boundary.  The 
purpose  of  the  present  paper  is  to  show  that  these  restrictions  are  auto¬ 
matically  satisfied  for  solid  cylinders  with  simply-connected  cross  sec¬ 
tions,  but  are  generally  not  met  for  all  stages  of  loading  of  hollow 
cylinders  with  multiply -connected  cross  sections. 


3.  Numbers  in  square  brackets  refer  to  the  list  of  references  at  the  end 
of  the  paper. 


SOLID  CYLINDER 


We  consider  a  solid  cylinder  whose  cross  section  is  a  simply  connec¬ 
ted  region  A  bounded  by  a  curve  C.  Under  the  assumptions  of  St.  Venant  [  l]  , 
equilibrium  is  automatically  satisfied  if  the  only  non-zero  stresses  are  given 
in  terms  of  a  stress  function  ip  by 

<J  =.&$/&  y  <7  =  (1) 

xz  '  yz  ' 

In  a  region  which  has  always  been  elastic,  the  stress  function  must  satisfy 

V  Zip  =  -2G6  (2) 

where  6  is  the  angle  of  twist  per  unit  length  and  G  the  shear  modulus;  in  a 
plastic  region,  the  yield  condition 


Mi=k  (3) 

must  be  satisfied.  Finally,  ip  must  satisfy  the  boundary  condition 

4>  =  0  on  C  (4) 

The  preceding  formulation  does  not  provide  for  a  region  which  has 
a  history  of  plastic  behavior  followed  by  elastic  behavior.  Even  though  the 
torque  is  assumed  to  be  monotonically  applied,  it  is  conceivable  that  such  a 
region  could  exist.  Therefore,  it  is  necessary  to  make  a  more  precise  state¬ 
ment  of  the  elastic -plastic  boundary  value  problem  as  follows; 

Torsjon  problem.  Given0  =  0(t)  such  that  $■('£))  =  0,  0>O,  and  6  is 

continuous  in  time,  find  the  stress  function  ip  =  ip  (x,  y,  t)  such  that 


ip  is  continuously  differentiable  in  A  (5a) 

ip  =  0  oh  C  (5b) 

( —  k  in  A  (5c) 

If|V0|  < k  then  V2  i  =  ^206  (5d) 

IflV^I  =kand  Vtp'V}  <  0,  then  V2  ip  =  -2G6  (5e). 
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The  statement  of  (5d)  and  (5e)  in^erms  of  rate s  accounts  for  the  fact  that  at 
some  previous  time  in  its  history  0  may  not  have  been  subject  to  equation  (2). 

For  the  Nadai  analogy,  we  denote  the  deflection  of  the  membrane  by 
0  and  choose  units  so  that  the  over-pressure  and  tension  are  related  by  p/T  = 
2G 0.  The  "roof  function"  0  is  first  defined  by 


0  is  continuous  and  piecewise  continuously 
differentiable  in  A 
0  =  0  on  C 
|V  0|=  If  in  A 


(6a) 

(6b) 

(6c) 


The  roof  function  can  be  easily  determined  for  any  section  as  described,  for 
example ,  in  .[.6]  •  With  <j5  known,  the  analogy  problem  is  formulated  as  follows: 

Analogy  problem.  Given  0{t)  such  that  0(0)  =  0,  0  2  0,  and  0  is 

continuous  in  time,  find  0  =  0  (x,  y,  t)  such  that 


0  is  continuously  differentiable  in  A  (7a) 

0  =  0  on  C  (7b) 

0  S  0  in  A  (7c) 

If  0  <  ?  then  V20  =  -2G0  (7d) 

If  0  =  0  and  $  <  0,  then  V^0  =  -2G0  (7e) 


For  the  Nadai  analogy  to  be  valid  for  a  given  problem,  a  solution 
0  =  0  where  0  satisfies  equations  (7)  must  satisfy  all  of  equations  (5).  Since 
the  last  three  requirements  on  0  and  0  appear  to  be  different,  the  correctness 
of  the  analogy  is  not  obvious.  However,  for  a  simply-connected  cross  section 
we  can  show  that  satisfaction; of  (7)  guarantees  satisfaction  of  (5). 

To  this  end,  we  first  prove  in  the  Appendix  that  0a  0  throughout  A. 

—  '  • 

In  view  of  (7c)  this  implies  that  once  0  =  0  at  any  point,  0=0  from  then  on. 
Therefore  requirement  (7e)  is  superfluous  and  requirement  (7d)  could  equally 
well  be  expressed  in  rate  form  as 

If  0  <  0  then  V20  =  -2G0  (7d') 


4 


Comparison  of  (7)  and  (5)  then  reveals  that  the  only  differences  between  them  will 
be  resolved  if  we  can  show  that  |v<H<  k  whenever  <P  <  <P  ■  That  this  is  indeed 
the  case  is  proved  in  the  Appendix  by  shoiying  that  Iv4>!  cannot  have  a  relative 
maximum  in  any  region  where  V  <£  =  -2G0.  Therefore,  ij)  =4>  is  a  solution  of  the 
problem  of  elastic -plastic  torsion  and  it  follows  from  the  general  uniqueness  theor¬ 
ems  for  an  elastic/perfectly  plastic  material  that  it  is  the  unique  solution. 

With  the  validity  of  the  Nadai  analogy  established,  it  is  easy  to  see  that 
if  C"  is  the  plastic  portion  of  the  boundary  C,  then  the  entire  plastic  region  must 
lie  withing  the  region  bounded  by  C"  and  its  normals.  Indeed  if  <p=<p  at  a  point 
P  which  is  a  distance  d  from  C  along  the  normal  N  to  C,  then  <p  =  kd  at  P.  Thus 
the  average  slope  from  P  to  the  boundary  along  N  is  equal  to  k  and  since  the  mag¬ 
nitude  of  the  gradient  equals  of  exceeds  the  slope  along  a  prescribed  line,  the 
average  value  of  |v  4>|is  equal  of  greater  than  k.  Equations  (7c)  and  (6c)  then 
lead  to  the  conclusion  that  <P  =<p  at  each  point  on  N. 
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HOLLOW  CYLINDER 

We  consider  a  cylinder  whose  cross-section  is  the  region  A  between 
an  outer  boundary  C  and  an  inner  boundary  Ch  the  area  enclosed  by  CL  is 
denoted  by  A. .  ^  The  stress  function  must  have  a  constant  value  P.  on  C.  and 
the  value  of  is  determined  by  the  requirement  that  the  displacements  be 
single  valued  around  the  hole. 

If  the  section  is  fully  elastic,  the  equation  for  finding  p.  is 

{dp  /  9  n)  ds  =  -  2  G0A.  (8a) 

.  1 
1 

If  the  section  is  partially  plastic  but  there  exists  a  curve  CL  1  surrounding  the 
hole  which  is  and  has  always  been  elastic,  then  equation  (8a)  must  be  replaced 

by  4 


fc,(dp/d  n)ds  =  -2C0A.'  (8b) 

where  A.'  is  the  total  area  bounded  by  C. On  the  other  hand,  if  there  exists 
i  l 

an  elastic  curve  surrounding  the  hole  but  part  of  any  such  curve  has  been  pre¬ 
viously  in  a  plastic  state,  the  condition  must  be  written  in  terms  of  rates: 

#C/(8#/8n)ds  =  -2G0AL  (8c) 

i 

Finally,  if  a  single  plastic  region  extends  from  the  hole  to  the  outer  boundary, 
then  p^  is  obviously  given  by 

p.  =  kd  (8d) 

where  d  is  the  shortest  distance  from  the  hole  to  the  outer  boundary  along  a 
normal  to  the  outer  boundary. 

In  the  membrane  analogy,  that  portion  of  the  membrane  which  is  over 
the  hole  is  replaced  by  a  rigid,  weightless,  horizontal  disk,  free  to  rise  or  fall. 
Equilibrium  of  the  disk  shows  that  <p  must  satisfy  equation  (8a). 


4.  For  simplicity  of  exposition  we  consider  only  a  single  hole;  the  extension 
to  more  holes  is  obvious. 
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For  the  sand-hill  analogy  we  can  write 

=  kd  (9) 

1 

analogus  to  (8d)  and  so  construct  a  roof  function.  However,  as  Shaw  [5]  has 
shown  by  an  example,  the  roof  function  defined  by  (9)  may  not  be  appropriate 
since  |V <p  |=  k  may  occur  at  the  edge  of  the  hole  for  (p  <  Rather,  it  is  nec¬ 
essary  to  postulate  a  double  roof  attached  to  the  weightless  disk  and  rising  or 
falling  with  it.  The  double  roof  is  required  by  the  fact  that  9$/9n  at  the  hole 
boundary  may  be  positive  or  negative. 

With  the  addition  of  the  movable  double  roof,  the  analogy  has  reached 
a  complexity  where  it  is  of  questionable  value  for  direct  experimentation,  but 
it  is  still  helpful  for  forming  an  intuitive  picture.  However,  it  must  be  used 
with  caution  since  it  does  not  necessarily  solve  the  torsion  problem.  To  see 
this  in  an  example,  we  consider  the  hollow  filleted  rectangle  discussed  in  [  5]  . 

The  insert  in  Figure  1  shows  the  cross  section,  and  the  detail  shows  part  of 
the  stress  function  for  various  values  of  6  .  The  bottom  section  .'is.  the  flat  mem¬ 
brane  under  zero  torque.  Next  is  shown  the  membrane  at  the  maximum  torque 
for  which  the  cylinder  is  fully  elastic  and  above  this  is  a  partially  plastic  stage. 
Data  for  these  figures  is  taken  from  [  5]  • 

The  top  section  shows  the  fully  plastic  roof.  For  the  limiting  case  of 
fully  plastic  behavior  <p  =  <p  rises  to  a  value  above  $..  near  the  corner  and  hence 
for  almost  fully  plastic  behavior  the  membrane  is  restrained  by  the  upper  roof. 

On  the  other  hand,  the  section  below  shows  that  at  this  particular  partially  plastic 
state  the  membrane  is  restrained  by  the  lower  roof.  Evidently  there  must  be 
some  stage  intermediate  to  these  two  in  which  the  membrane  is  not  in  contact  with 
either  roof.  In  this  case,  the  analogy  is  not  applicable,  since  requirement  (7d)  on 
$  does  not  correspond  to  requirement  (5d)  on  ip  unless  equation  (2)  has  held  for  all 
previous  times. 

In  view  of  the  possible  non -applicability  of  the  Nadai  analogy  to  multiply- 
connected  cross  sections,  care  must  be  taken  in  numerical  or  analytical  solutions 
that  one  is  truly  solving  the  torsion  problem  rather  than  the  analogy.  As  8  in¬ 
creases,  the  two  solutions  will  agree  so  long  as  <p  =  0  wherever  <p  =  <f>  and  |v<^|  <  k 
where  <p  <<p-  When  the  analogy  predicts  that  decreases  numerically  from  <p,  the 
torsion  problem  must  be  treated  as  a  new  analogy  problem  superposed  on  the  orig¬ 
inal  one  at  the  instant  the  "unloading"  begins.  Since  unloading  may  take  place 
continuously  in  part  of  the  section  while  loading  continues  in  other  parts,  the 
resulting  problem  will  be  complicated  by  this  phenomenon. 
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The  existence  of  unloading  under  an  increasing  angle  of  twist  has  impli¬ 
cations  with  regard  to  plasticity  theory.  In  the  first  place,  it  is  obvious  that 
any  "deformation  law"  will  be  quite  inappropriate  here.  Further,  the  smooth 
transition  from  elastic  to  plastic  behavior  which  was  used  in  [7]  for  a  solid 
section  will  lose  much  of  its  appeal  since  the  transition  between  plastic  flow 
and  unloading  is  not  smooth. 
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APPENDIX 


Proof  that  <jt>  s  0,  We  note  first  that  0  is  zero  everywhere  on  C  so  that 
if  it  is  anywhere  negative  it  must  have  a  relative  minimum  in  the  interior  of  A. 

At  such  a  postulated  minimum  necessary  conditions 


♦  • 


30/9  x  =  0 

30/ 3y  =  0 

(10) 

a2  0/9  X2  2  0 

320/3y2  >  0 

(11) 

Since  0  is  continuously  differentiable,  equations  (10)  are  obvious.  Although  the 
second  derivatives  may  not  exist  along  a  curve  which  separates  a  roof  region 
0  =  0  from  a  free  region  0  <  0,  equations  (11)  are  still  necessary  if  the  derivatives 
in  question  are  interpreted  as  one-sided  derivatives  extending  into  either  the  roof 
or  free  region. 

Evidently  (11)  are  incompatible  with  V;  0  «  Q:  and  we  shall  show  that  this 
latter  condition  holds  throughout.  Let  tQ  be  a  time  up  to  which  0  =  0  at  a  point 
implies  0  -  0  (note  that  t  =  0  is  such  a  time  so  that  some  t  exists)  and  let  t  j  be 
any  later  time-  Let  fl(x,y)  denote  the  smallest  angle  of  twist  for  which  0  (x,  y) 

=  c p  (x,  y).  Finally,  let  the  change  jn,  0  from  tQ  to  tj  be  denoted  by,'V0,=  0^  .0q. 

:  Four  possibilities  exist  depending  upon  whether  0=0  or  not  at  t  and  t , ,  but 

2  o  j. 

in  each  case  V  (A0)  £  0.  Thus: 

if  0  <  0  and  0.  <  0,  then  V  ^  A <P)  =  -2G  (  0  .  -  0  )  <  0  ( 12a) 

o  l  l  o 

if  0q  <  0  and  < p j=  0 ,  then  V2  (A  0)  =  -2G(  8  -  8  )  <  0  ( 12b) 

if  0  =  <p  and  0,  <  0,  then  A  <p)  =  -2G(  9.-0  )  <0  ( 12c) 

o  1  1 


if  <p  =  <p  and  0,  =  0,  then  V^A  0)  =  -2G  (0  -  0  )  =  0 

O  1 


(12d) 


Therefore,  starting  from  t  any  A0SO  and  hence  0  (to)  SO.  However,  since  0 

can  never  exceed  0,  this  conclusion  renders  case  (12c)  above  impossible  and  leads 

•  —— 

to  the  conclusion  0=0  if  0  =  0.  This  in  turn  removes  the  restriction  on  t  so  that 

.  o 

V-5 

the  desired  conclusion  0  >  0  holds  throughout  A  at  all  times. 


I 
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Proof  that  |v$|  £k.  Let  A'  denote  that  part  of  A  where  <p  <  <p  and  hence 
<p  =  -  ZG6 .  It  is  well  known  (see  for  instance  [  8]  )  that  |v  ^)j  achieves  its  maxi¬ 
mum  only  on  the  boundary  B  of  A'.  But  B  can  consist  only  of  parts  C'  of  the  orig¬ 
inal  boundary  C  and  the  boundary  B'  between  A'  and  the  rest  of  A.  On  B1,  |v  *|=  k 
and  on  C  1  it  follows  from  the  definition  of  <p  that  |v$|  <  k.  Therefore,  the  maximum 
value  of  |V4>|  on  B  is  not  greater  than  k  and  hence  Iv^l  <  k  in  the  interior  of  A1. 
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Engineer  Research  Development  Laboratoi 

Fort  Belvoir, 

Virginia 

(i) 

Office  of  tho  Chief  of  Ordnance 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  Research  and  Materials  Branch 
(Ord  R&n  Div.)  (l) 

Office  of  the  Chief  Signal  Offioer 
Department  of  tho  Army 
Washington  25,  D.  C. 

Attn:  Engineering  and  Technical 

Division  (1) 

Commanding  Officer 

Watertown  Arsenal 

Watertown,  Massachusetts 

Attm  Laboratory  Division  (l) 

Commanding  Officer 

Frankford  Arsenal 

Bridesburg  Station 

Philadelphia  37,  Pennsylvania 

Attn:  Laboratory  Division  (1) 


Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Washington- 25,  D.  C. 

(i) 

Attn:  Ad3 

Re 

(i) 

Reu 

(i) 

ReS5 

(i) 

ReSl 

(i) 

Ren 

(i) 

Chief,  Bureau  of  Yards  and 
Department  of  the  Navy 

Docks 

Washington  25,  D.  C. 

Attm  Codes  D-202  (l) 

D-202.3  (1) 

D-220  (1) 

D-222  (1’) 

D-410C  (1) 

D-440  (1) 

D-500  (1) 

Commanding  Officer  and  Director 
David  Taylor  Model  Baain 
Washington  7,  D.  C. 

Attm  Code  700  (6) 

720  (2) 

740  (1) 

Commander 

U.  S.  Naval  Ordnance  Laboratory 

White  Oak,  Maryland 

Attm  Technical  Library  (2) 

Technical  Evaluation  Dept,  (l) 

Director,  Materials  Laboratory 
New  York  Naval  Shipyard 
Brooklyn  1,  New  York  (1) 

Commanding  Officer  and  Director 
U.  S.  Naval  Electronic  Laboratory 
San  Diego  52,  California  (l) 


Director 

Naval  Research  Laboratory 
Washington  25,  D.  C. 

Attn:  Tech  Info  Officer  (6) 

Code  6200  (l) 

Code  6205  (1) 

Code  6250  (l) 

Code  6260  (1) 

Armed  Services  Technical  Information 
Agency 

Document  Service  Center 
Arlington  Hall  Station 
Arlington  12,  Virginia  (5) 

Office  of  Technical  Services 
Department  of  Commerce 
Washington  25,  D.  C.  (l) 

Office  of  the  Secretary  of  Defense 
Research  and  Development  Division 
The  Pentagon 
Washington  25,  D.  C. 

Attn:  Technical  Library  (1) 

Chief 

Armed  Forces  Special  Weapons  Project 
The  Pentagon 
Washington  25,  D.  C. 

Attn:  Technical  Information 

Division  (2) 

Weapons  Effects  Division  (1) 

Special)  ^ield  Projects  (l) 

Blast  a*,.  Shock  Branch  (1) 

Office  of  the  Secretary  of  the  Army 
The  Pentagon 
Washington  25,  D.  C. 

Attn:  Army  Library  (l) 

Chief  of  Staff 
Department  of  the  Army 
Washington  25,  D.  C, 

Attn:  Development  Branch  (R&D  Div)  (l) 
Research  Branch  (R&D  Div.)  (1) 
Spoc.lal  Weapons  Br.  (R/>J)  Div)  (1) 


Office  of  Ordnance  Research 
2127  Myrtly  Drive 
Duke  Station 

Durham,  North  Carolina  * 

Attn:  Division  of  Engineering 

Soiences  (l) 

Commanding  Officer 
Squier  Signal  Laboratory 
Fort  Monmouth,  New  Jersey 
Attn:  Components  and  Materials 

Branch  (1) 

Chief  of  Naval  Operations 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attm  Op  37  (1) 

Commandant,  Marine  Corps 
Headquarters,  U.  S.  Marine  Corps 
Waahington  25,  D.  C.  (l) 

Chief,  Buroau  of  Ships 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attm  Code  312  (2) 

Code  376  (1) 

Cods  377  (1) 

Code  420  (1) 

Code  423  (2) 

Code  442  (2) 

Chief,  Bureau  of  Aeronautics 
Department  of  the  Navy 
Washington  25,  D.  C, 

Attm  AV-34  (1) 

AD-2  (1) 

RS-7  (1) 

RS-8  (1) 

TD-42  (1) 


Offioer-ln  Charge 

U,  S.  Naval  Civil  Engineering  Researoh 
and  Evaluation  Laboratory 
Naval  Construction  Battalion  Center 
Port  Heuneme,  California  (2) 

Director,  Naval  Air  Experiment  Station 
Naval  Air  Material  Center 
Naval  Base 

Philadelphia  12,  Pennsylvania 
Attm  Materials  Laboratory  (1) 
Structures  Laboratory  (l) 

Officer-ln-Charge 

Underwater  Explosion  Research  Division 

Norfolk  Naval  Shipyard 

Portsmouth,  Virginia 

Attm  Dr.  A.  H.  Keil  (2; 

Commander,  U.  S.  Naval  Proving  Ground 
Dahlgren,  Virginia  (l) 

Superintendent,  Naval  Gun  Factory 
Washington  25,  D.  C.  (l) 

Commander,  Naval  Ordnance  Test  Station 
Inyokern,  China  Lake,  California 
Attn:  Physics  Division  (1) 

Mechanics  Branch  (1) 

Commander,  Naval  Ordnance  Test  Station 

Underwater  Ordnance  Division 

3202  E.  Foothill  Boulevard 

Pasadena  6,  California 

Attm  Structures  Division  (l) 

Commanding  Officer  and  Director 
Naval  Engineering  Experiment  Station 
Annapolis,  Maryland  (1) 

Superintendent,  Naval  Postgraduate  School 
Monterey,  California  (l) 

Commandant,  Marine  Corps  Schools 

Quantico,  Virginia 

Attn:  Director,  Marino  Corps 

Development  Center  (l) 


t 


2, 


Commanding  General 
U,  fl.  Air  Foroe 
Washington  25,  D.  C. 

Attnt  Researoh  &  Development  Div.(l) 

Commander,  Air  Mater lal  Command 
Wright-Patteraon  Air  Foroa  Base 
Dayton,  Ohio 

Attn l  WDCLR  (l) 

.  Structures  Division  (l) 

Commander,  U*  S.  Air  Force  Institute 
of  Technology 

Wright-Patteraon  Air  Force  Base 
Dayton,  Ohio 

Attm  Chief,  Applied  Mechanics 

Group  (l) 

Direotor  of  Intelligence 
Headquarters,  W,  S,  Air  Foroe 
Washington  25,  D.  C, 

Attm  P«  V.  Branch  (Air  Targets 

Division)  (l) 

Commander,  Air  Force  Office  of 
Scientific  Research 
Washington  25,  D.  C. 

Attm  Mechanics  Division  (l) 

U*  S,  Atomic  Energy  Commission 
Washington  25,  D«  0, 

Attm  Director  of  Research  (2) 

Direotor,  National  Bureau  of  Standards 
Washington  25,  D.  C. 

Attm  Division  of  Mechanics  (l) 

Engineering  Mechanics  Sect.(i) 
Aircraft  Structures  (1) 

Commandant,  U.  S.  Coast  Guard 
1300  E.  Street,  N.  W. 

Washington  25,  D.  C. 

Attm  Chief,  Testing  and 

Development  Division  (l) 


Professor  H.  H.  Blsioh 
Department  of  Civil  Engineering 
Columbia  University 
New  York  27,  New  York  (l) 

Professor  B.  A,  Boley 
Department  of  Civil  Engineering 
Columbia  University 
New  York  27,  New  York  (l) 

Professor  G,  F.  Carrier 

Pieroe  Hall,  Harvard  Univorsity 

Cambridge  38,  Massachusetts  (l) 

Professor  Herbert  Deresiewioa 

Department  of  Civil  Engineering 

Columbia  University 

632  W.  125th  Street 

New  York  27,  New  York  (l) 

Professor  D.  C*  Druoker,  Chairman 
Division  of  Engineering 
Brown  University 

Providence  12,  Phode  Island  (l) 

Professor  A.  C,  Eringen 
Department  of  Aeronautical  Eng. 
Purdue  University 
Lafayette,  Indiana  (1) 

Professor  W.  Flugge 
Department  of  Mechanioal  Eng. 
Stanford  University 
Standord,  California  (l) 

Professor  J.  N.  Goodier 
Department  of  Mechanical  Eng,« 
Stanford  University 
Stanford,  California  (1) 

Professor  L.  E.  Goodman 
Engineering  Experiment  Station 
University  of  Mlinesota 
Minneapolis,  Minnesota  (l) 


Mr.  M.  M.  Lemooe 

Southwest  Research  Institute 

8500  Oulebra  Road 

San  Antonio  6,  Texas  (l) 

Professor  Paul  Lieber 
Geology  Department 
University  of  California 
Berkeley  4,  California  (1) 

Professor  R.  D.  Mihdlin 

Department  of  Civil  Engineering 

Columbia  University 

632  W.  125th  Street 

Now  York  27,  New  York  (l) 

Professor  Paul  M.  Naghdi 
Department  of  Engineering  Mechanics 
University  of  California 
Berkeley,  California 
Professor  William  A,  Nash 
Department  of  Engineering  Mechanics 
University  of  Florida 
Gainesville,  Florida  (l) 

Professor  N.  M.  Newmark,  Head 
Department  of  Civil  Engineering 
University  of  Illinois 
Urbana,  Illinois  (l) 

Professor  Aris  Phillips 
Department  of  Civil  Engineering 
15  Prospect  Street 
Yale  Uhiversity 

New  Haven  Connecticut  (l) 

Professor  W.  Prager,  Chairman 
Physical  Sciences  Council 
Brown  University 
Providence  12,  Rhode  Island  (l) 

Professor  E.  Re i saner 

Department  of  Mathematics 

Massac hus setts  Institute  of  Technology 

Cambridge  39,  Massachusetts  (l) 

Professor  M.  A.  Sadowsky 
Department  of  Mechanics 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  (1) 


U.  S.  Maritime  Administration 
General  Administration  Office  Bldg. 
Washington  25,  D.  C. 

Attm  Chief,  Division  of 

Preliminary  Design  (l) 

National  Advisory  Committee  for 

Aeronautios 

1512  H  Street,  N.  W. 

Washington  25,  D.  C. 

Attm  Loads  and  Structures  Div,  (2) 

Direotor,  Langley  Aeronautical  Lab. 

Langley  Field,  Virginia 

Attnt  Structures  Division  (2) 

Direotor,  Forest  Products  Laboratory 
Madison,  Wisconsin  (1) 

Civil  Aeronautios  Administration 
Department  of  Commerce 
Washington  25,  D.  C. 

Attnt  Chief,  Alroraft  Engineering  Div, 
Chief,  Airflame  &  Equipment  Br. 

National  Soience  Foundation 
1520  H  Street,  N.  W. 

Washington,  D.  C, 

Attnt  Engineering  Scienoes  Div.  (l) 

National  Aoademy  of  Sciences 
2101  Constitution  Avenue 
Washington  25,  D.  C. 

Attnt  Technioal  Direotor,  Committee 
on  Ship(s  Structural  Design  (l) 
Executive  Secretary,  Committee 
on  Undersea  Warfare  (1) 

Professor  Lynn  S.  Beedle 
Friti  Engineering  Laboratory 
Lehigh  University 

Bethlehem,  Pennsylvania  (l) 

Professor  R.  L.  Bisplinghoff 
Department  of  Aeronautical  Engineering 
Massachusetts  Institute  of  Technology 
Cambridge  39,  Massachusetts  (l) 


Professor  M,  Hetenyi 
The  Technological  Institute 
Northwestern  University 
Evanston,  Illinois  (l) 

Professor  P.  G.  Hodge 
Departmont  of  Mechanics 
Illinois  Institute  of  Technology 
Chicago  16,  Illinois  (l) 

Professor  N,  J.  Hoff 

Division  of  Aeronautical  Engineering 

Stanford  University 

Stanford,  California  (l) 

Professor  W,  H.  Hoppmann,  II 
Department  of  Mechanics 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  (l) 

Professor  J.  Kempner 
Dept,  of  Aeronautical  Engineering 
(1)  and  Applied  Meohanioa 
(l)Polytechnic  Institute  of  Brooklyn 
99  Liyingston  Street 
Brooklyn  2,  New  York  (1) 


Professor  J.  Stallmeyer 
Department  of  Civil  Engineering 
University  of  Illinois 
Urbana,  Illinois  (l) 

Professor  Eli  Sternberg 
Division  of  Applied  Mathematics 
Brown  University 
Providence  12,  Rhode  Island  (l) 

Professor  A.  S.  Velestos 
Department  of  Civil  Engineering 
University  of  Illinois  ,  „ 

Urbana,  Illinois  (l) 

Professor  Dana  Young 
Yale  University 

New  Haven,  Connecticut  (l) 

Project  Staff  (10) 

For  your  future  distribution(lO) 

Dr.  John  F,  Brahtz 
Department  of  Engineering 
University  of  California 
Los  Angelos,  California  (l) 

Mr.  Martin  Goland.  Vice  President 
Southwest  Researoh  Institute 
85CO  Culebra  Road 
San  Antonio,  Texas 


Professor  H.  L.  Langhaar 
Dept,  of  Theoretical  &  Applied  Meohanio a*r.  S.  Levy,  Manager 


(X) 


University  of  Illinois 
Urbana,  Illinois 


(1) 


Professor  B,  J,  Lazan,  Director 
Engineering  Experiment  Station 
University  of  Minnesota 
Minneapolis  14,  Minnesota  (l) 

Professor  E.  H.  Lee 
Division  of  Applied  Mathematics 
Brown  University 

Providence  12,  Rhode  Island  (l) 

Professor  George  H.  Lee 
Direotor  of  Researoh 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  (l) 


General  Electric  Special  Projects  Dept, 
3196  Chestnut  Street 
Philadelphia  4,  Pennsylvania  (1) 

Professor  B.  Budiansky 
Department  of  Mechanical  Engineering 
School  of  Applied  Soienoes 
Harvard  University 
Cambridge  38,  Massachusetts  (1) 

Professor  H.  Kolsky 
Division  of  Engineering 
Brown  University 
Providence  12,  Rhode  Island  (l) 

Professor  E,  Orowan 
Department  of  Mechanical  Engineering 
Massachusetts  Institute  of  Technology 
Canbrldge  39,  Massachusetts  (1) 


Prof.  B«  W*  Snaffer 

Department  of  Mechanical  Engineering 

New  York  Uni  vers  Lt.y 

University  Heights 

New  York,  N.  Y.  (1) 


Mr.  K.  H*  Koopman,  Secretary 
Welding  Research  Council  of  the 
Engineering  Foundation 
29  W.  39th  St,. 

New  York  1(3,  N.  Y.  (2) 


Professor  Walter  T.  Daniels 

School  of  Engineering  and  Architecture 

Howard  University 

Washington  1,  D.  C.  (1) 
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Delete 


Add 


Armed  Services  Technical  Information 
Agency 

Document  Service  Center 

Ar  lington  Hail  Station 

Arlinton  12,  Virginia  (5) 


Commanding  Officer  and  Director 
David  Taylor  Model  Basin 
Washington  7,  D.  C. 


Attn:  Code  700 

(6) 

720 

(2) 

740 

(1) 

Commander,  Air  Material  Command 
Wright -Patter son  Air  Force  Base 
Dayton,  Ohio 

Attn:  WDCLR  (1) 

Structures  Division  (1) 


Armed  Services  Technical  Information 
Agency 

Document  Service  Center 

Arlington  Hall  Station 

Arlinton  12,  Virginia  (10) 


Commanding  Officer  and  Director 
David  Taylor  Model  Basin 
Washington  7,  D.  C. 

Attn:  Code  140  (1) 

600  (1) 

700  (1) 

720  (1) 

725  (1) 

731  (1) 

740  (2) 

Commander,  WADD 
Wright-Patter son  Air  Force  Base 
Dayton,  Ohio 

Attn:  WWRC  (1) 

WWRMDS  (1) 

WWRMDD  (1) 
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Legislative  Reference  Service 
Library  of  Congress 
Washington  25,  D.  C. 

Attn:  Dr.  E.  Wenk  ( 1) 

Professor  W.  J.  Hall 
Department  of  Civil  Engineering 
University  of  Illinois 

Urbana,  Illinois  ( 1) 

Professor  Joseph  Marin,  Head 
Department  of  Engineering  Mechanics 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  (1) 

Commanding  Officer 
USNNOEU 

Kirtland  Air  Force  Base 
Albuquerque,  New  Mexico 
Attn:  Code  20  ( 1 ) 

(Dr.  J.  N.  Brennan) 


Professor  J.  E.  Cermak 
Department  of  Civil  Engineering 
Colorado  State  University 
Fort  Collins,  Colorado  (1) 

Professor  Nicholas  Perrone 
Engineering  Science  Department 
Pratt  Institute 

Brooklyn  5,  New  York  (1) 

Professor  R.  P.  Harrington,  Head 
Department  of  Aeronautical  Engineering 
Univer  sity  of  Cincinnati 
Cincinnati  21,  Ohio  (1) 

Professor  Eugene  J.  Brunell,  Jr. 
Department  of  Aeronautical  Engineering 
Princeton  University 

Princeton,  New  Jersey  (1) 


